Abstract. Aerodynamic characteristics of small-rotor were studied based on the finite volume method. In an attempt to study its performance, hovering flow field of the single-rotor was established, meanwhile, the boundary conditions were set up. In addition, flow field was analyzed numerically by using computational fluid dynamics method (CFD) which aimed at obtaining the distribution of surface pressure, the diagram of velocity vector and the flow chart of flow field. Simultaneously, the coefficients of lift and drag were acquired by data processing. In the analysis of the distribution features got from the numerical simulation of flow field, aerodynamic characteristics of the rotor were revealed generally. Equally important, experimental research and hover test stand were also designed to measure the actual thrust and power consumption of the system. Compared the results of numerical simulation with experimental verification, the speed range of higher lift-to-drag ratio and lower power consumption of a single-rotor were obtained.
The speed of the isolated rotor can directly affect the aircraft aerodynamic characteristics, such as lift, drag, power consumption, etc. Take a single rotor as the research object and use the CFD method to do numerical simulation for hovering flow field of the isolated rotor. Rotor is made of carbon fiber materials with light weight and compact model. In the process of numerical simulation, as an isolated rotor, it is assumed that flow fluid surround every profile of the rotor is the same. The effects of any solid wall except the rotor itself were shut out. It is only considered that the rotor motions in static fluid or uniform flow surrounds the airfoil profile [15] .In numerical simulation, the speed range of the rotor is 909r/min to 2182r/min. In order to confirm the rotor's properties of lift and drag at different rotational speed, the pressure distribution, vector diagram, streamlines of flow field are also as important factors to analyze aerodynamic characteristics and distribution features of flow field. Finally, as a validation test research, the lift and power consumption of the rotor at different rotational speed was measured. Compared with the results of numerical simulation and experiments, the speed range of high lift-to-drag ratio and low consumption of an isolated rotor was obtained.
Theoretical Calculation
Definitions of the formula [17] for lift and drag are as follows:
Where L is the single rotor's lift, D the single rotor's drag,  the air density and the value is 1.225
C the coefficient of lift and  is the angular velocity of rotor. Lift-to-drag ratio is an important characteristic to measure aerodynamic performance of rotor. Lift and drag coefficient can be calculated by formula and numerical simulation. The formula [16] is the area for reference or the rotor's projection area.
Depending on the values of rotor's lift and power consumption which was measured by experiment, thrust coefficient T C and power coefficient P C of the rotor can be written as [7] . 
Where  is the ratio of local atmospheric density and standard atmospheric density of the sea level, p the atmospheric pressure, t the Celsius temperature, T the thrust of the rotor, P the power of the rotor, A the rotor disk area,  the angular velocity of blade rotation and R the radius of the rotor.
Numerical Simulation

Basic Parameters of Rotor.
The rotor radius and the average blade chord of the rotor are 200 mm and 35 mm, respectively. In addition, the rotor has two blades and the rating speed is 900r/min~2200r/min (Table 1) . 
Process of the Simulation.
First, the flow field was designed, and grid was also divided. Furthermore, entering the software of FLUENT and checking the skewness of the grid were to ensure that there is no negative grid. On the one hand, the format and control equation were selected. On the other hand, the fluid properties were defined and the boundary conditions were set at the same time. At last, the reference values were input and initialized the flow field after iteration calculation. It is of great significance that we need judge the condition of convergence after save calculation results, then, enter the CFD-Post. Setup of the boundary conditions for the whole flow field is shown as follows: a) Because of the mach number of blade tip, it is unnecessary to consider the compressibility. We ought to choose the solver called Pressure-based which suitable for processing model of incompressible flow. b) It is suitable for the simulation of flow field in terms of small rotor with no need for dense grid, and the choice of viscous model is Spalart-Allmaras. c) It is obvious that Wall is significantly fit to limit the regions of fluid and solid [18] ,hence,the boundary condition of Wall is appropriate. The rotor is set as absolute motion, while the relative speed of fluid boundary is set at zero. 
Analysis of Simulation Result.
The pressure distribution of upper and lower surface in Fig.2 shows that the red area which locates at the blade tip of rotor represents the highest pressure. Blade tip with a little dark green and blue area indicates that there is larger area of negative pressure. Due to the rotor rotation, the fluid which locates at the lower surface was sent around to the trailing edge point of upper surface, and formed the flow more than 180 degrees. The speed of the trailing edge point will reach infinity. As a consequence, the upper surface near the trailing edge point generated significant adverse pressure gradient. Pressure on the upper surface of the blade tip is smaller than the lower surface, and the closer distance from blade tip, the more pressure is. On the whole, the total pressure of the lower surface is greater than the upper surface. According to the principle of continuity and Bernoulli's principle, raised sections of airfoil's upper surface result in thinner stream. In other words, cross-sectional area of the stream decreases, while the velocity of air increases, that is, pressure decreasing. However, relatively flat the lower surface of airfoil is, rarely the stream change, which is means the pressure basically remain unchanged. Therefore, pressure difference generated from the upper and lower surface of airfoil, which created aerodynamic lift for the rise of rotor [15] . Fig.3 . It was obvious that the tip vortex were produced under effect of rotor spinning. Due to the rotor started to accelerate gradually, the boundary layer unable to bear great adverse pressure gradient and immediately separated from the surface, thus formed whirlpools [15] .By observing the pressure of the rotor's surface, it is obvious that the place of pressure gradient which is maximal from where escape the blade tip vortex, and the existence of blade tip vortex will reduce the efficiency of the rotor. Fig.4 is the streamlines distribution of flow field. It is indicated that radial distribution of streamlines are relatively even, and axial flow is spiraling. Fig. 4 Streamlines of flow field Shown in Fig.5 are the coefficients of lift and drag which change with the rotating speed. It can be observed that lift coefficient and drag coefficient are rising steadily with the increase of rotational speed by the curve we can see from the picture. A conclusion can be deduced that increasing speed does not necessarily increase the lift to drag ratio. However, it will be taken more energy if the rotational speed increases. Therefore, it is essential that we should consider the relationships of speed, lift-to-drag ratio and power consumption, and determine the optimal solution. 
Experimental investigations
Design of test system.
Testing equipment mainly includes the dynamic system, operating system, measurement system, bearing, which provide measurements of the rotor speed, thrust and power consumption.
(1) Power system Power system is used for dynamics of rotor rotation, of which the equipment are respectively the dc power supply with the specifications of ace lithium polymer batteries, dc brushless motor with the specifications of HK-3020, electronic commutator and electronic governor with the specifications of Castle TALON35.There is no commutator brush in the brushless motor, therefore, an electronic commutator need to be added. It is able to keep the motor rotation. The speed of motor is often regulated by electronic governor which can be divided into brush electronic governor and brushless electronic governor [8] .
(2) Operating system The function of operating system is to control the rotor speed by changing the PWM duty ratios of control pulse to regulate average dc voltage which was input in the brushless dc motor (BLDCM), so as to realize speed regulation [16] .
(3) Measurement system The rotor speed, thrust and power consumption were measured by measurement system, and the equipment consisted of reflective sheeting, non-contact photoelectric speedometer with the specifications of VC6236P, force sensor and power supply of sensor with the specifications of MS3010D.With respect to speed measurement, the light was emitted by speedometer to measure the speed of the rotor after the reflective sheeting was installed on the motor shaft. Force sensor which was installed on the bracket has capabilities to convert the value of thrust to electrical signal output, while the power consumption is calculated by the current and voltage of the motor.
(4) Bearing Main function of bearing is to support drive system of the rotor, of which the height is 1.3 m from the ground for the rotor to avoid the influence of ground effect on rotor aerodynamic characteristics.
Sketch of Experimental Device.
On the basis of numerical simulation, test stand was built to detect the aerodynamic characteristics of the hovering single rotor [19] [20] , such as thrust, rotate speed and power consumption, etc. Measured data was gathered into the DAQ Card (data acquisition card) and input into the computer. It is convenient for the data of observation, contrast and disposal. The sketch of the test stand is shown in Fig.6 . As shown in Fig.7 , it is obvious that thrust and power consumption are proportional to the rotating speed. The increase of thrust along with power consumption means that the more thrust rotor will get, the more energy will consume. Fig. 7 Thrust and power change with rating speed Thrust and power consumption measured by experiment were brought into the formula (6) and (7), and the coefficient of thrust and power can be calculated. Coefficients of thrust and power are shown in Fig.8 . Due to the actual measurement error, there is decrease of thrust coefficient once in a while when the rotating speed increases, however, the general trend of which is increasing. Likewise, power coefficient at different rotating speed has the same rule to thrust coefficient. It was obvious that thrust coefficient began to stabilize, when the rotating speed at 1650 r/min to 2182 r/min. Fig. 8 Coefficients of thrust and power change with rating speed It can be clearly obtained that thrust coefficient of average error is less than 0.5% when the rotating speed at 1650 r/min to 1664 r/min. However, the power consumption increases with the speed increasing. On the premise of obtaining thrust coefficient which is stable and larger, the rotating speed of rotor at 1650 r/min to 1664 r/min with larger lift-to-drag ratio and less power consumption were chosen.
Conclusion
Small-rotor with light weight and small size can realize all kinds of flight attitude, and it adapts to complex terrain well. With broad and profound prospects, it was applied in monitoring, aerial shots, exploration, rescue, etc. In the meantime, differences in blade geometries, rotational speed, Reynolds number and angle of attack affect the inflow distribution, making it very difficult to draw a general conclusion about the aerodynamic performance of a small-rotor. Two parts were studied in this paper, one is numerical simulation, and the other is experimental study. It is crucial for the former to analyze the pressure of rotor's surfaces, the characteristics of hovering flow field and the coefficients of thrust and power. For the latter, four parts of experiment system were designed to measure the actual thrust and power consumption. Combined with the numerical simulation and experimental study, the following are the specific conclusions drawn on the present study on small-rotor:
(1)There is maximal pressure of blade tip where exists negative pressure. Pressure on the upper surface of the blade tip is smaller than the lower surface, and the closer distance from blade tip, the more pressure is. In addition, pressure difference generated from the upper and lower surface of airfoil, which created aerodynamic lift for the rise of rotor. It is obvious that the place of pressure gradient which is maximal from where escape the blade tip vortex, and the existence of blade tip vortex will reduce the efficiency of the rotor and affect the performance of the rotor.
(2)To observe the streamlines distribution of flow field, it is easily found that radial distribution of streamlines are relatively even, and axial flow is spiraling.
(3)Results of numerical simulation show that coefficients of lift and drag are rising steadily with the increase of rotational speed, however, increasing speed does not necessarily increase the lift to drag ratio.
(4)Results of experimental research show that thrust and power consumption are proportional to the rotating speed and the increase of thrust goes along with power consumption. Due to the actual measurement error, there is fluctuation of the values for thrust coefficient and power coefficient, but the general trend is increasing.
(5)Thrust coefficient reached maximum and began to stabilize, when the rotating speed at 1650 r/min to 2182 r/min. However, the power consumption increases with the speed increasing. To compare the results of numerical simulation and experimental research, we can find that on the premise of obtaining thrust coefficient which is stable and larger, the rotating speed of rotor at 1650 r/min to 1664 r/min with larger lift-to-drag ratio and less power consumption were desired.
